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2145 cm Ϫ1 plus the prominent 858 cm Ϫ1 band attributed to the Cr(III)/(VI) mixed oxide. Some spectroscopic changes were observed when the CCC was aged in air or water. Figure 1 shows Raman spectra of a fresh CCC and one aged for 17 days in air or immersed in Nanopure water. Air exposure causes minor changes in the Raman spectrum, with a slight decrease in the H-O-H bend intensity (ϳ1650 cm Ϫ1 ) presumably due to dehydration. Water exposure causes a major decrease in the 858 cm Ϫ1 band, to about 12% of its original area, and some changes in the CN stretch region. With the large decrease in 858 cm Ϫ1 intensity, the Cr(III)-OH stretch at 528 cm Ϫ1 becomes visible. IR spectra (Fig. 2 ) also show little change during air aging, with some decrease in the 3400 cm Ϫ1 water band, and a significant decrease in the CN stretch intensity during aging in water. As shown in the insets in Fig. 2 , the decrease in 2083 cm Ϫ1 IR absorption in water is associated with relative intensity changes in the two component bands at 2065 and 2089 cm Ϫ1 .
There are several possibilities for the form of CN and Fe(CN) 6 in the CCC film. Since the CN stretching frequency is quite sensitive to environment and bonding, it may be used as a fingerprint to compare the frequency observed in the CCC with that of known materials. Some of the possible forms of Fe(CN) 6 Ϫ3/Ϫ4 in the CCC include trapped or physisorbed Fe(CN) 6 Ϫ3 or Fe(CN) 6 Ϫ4 , Cu 2 Fe(CN) 6 , Cu 3 [Fe(CN) 6 ] 2 , salts of Cr(III) and Fe(CN) 6 Ϫ3 or Fe(CN) 6 Ϫ4 , and the degradation products resulting from Fe(CN) 6 Ϫ3 hydrolysis. The latter include Prussian blue (Fe ϩ3 -CN-Fe ϩ2 ) and Berlin green (Fe ϩ3 -CNFe ϩ3 ). 13 These are polymeric species with cyano bridges between iron centers and are insoluble in water. As noted in the Experimen- tal section, Prussian blue and Berlin green are easily prepared by precipitating aquated Fe ϩ3 with either Fe(CN) 6 Ϫ4 or Fe(CN) 6 Ϫ3 . Raman spectra of the CN stretch region of several synthetic salts of ferri-and ferrocyanide are compared to that of a CCC in Fig. 3 . FTIR spectra of the same materials show a single CϵN stretch feature, and the observed Raman and IR frequencies are listed in Table II 6 Ϫ3 itself. 12 IR absorption for Fe ϩ2 -CN-Cr ϩ3 polymer (2098 cm Ϫ1 ) is close to the CCC values of 2083 (wet) and 2089 (dry), but not as close as Fe ϩ3 -CN-Fe ϩ3 (2089 cm Ϫ1 ). Cr ϩ3 complexes of this type are slow to form due to the substitution inertness of Cr ϩ3 . 11 Furthermore, Fe ϩ2 -CN-Cr ϩ3 should be susceptible to oxidation by Cr(VI) and should be unstable in the CCC. Finally, the IR spectrum of synthetic Fe ϩ2 -CN-Cr ϩ3 polymer prepared as described in the literature 11 showed a CN of 2097 cm Ϫ1 . While other cyano complexes are possible, particularly as minority species, the spectroscopic results are consistent with physisorbed Fe(CN) 6 Ϫ3 and Berlin green (Fe ϩ3 -CN-Fe ϩ3 polymer) produced by partial hydrolysis of Fe(CN) 6 Ϫ3 during CCC formation. To summarize the structural results, the observed IR and Raman spectra of the CCC on AA 2024-T3 indicate the formation of Berlin green (Fe ϩ3 -CN-Fe ϩ3 polymer) and physisorption of Fe(CN) 6 Ϫ3 to the polymeric Cr(OH) 3 matrix. Prolonged exposure to water (17 days) causes a loss of 80-90% of the Cr(VI) in the CCC, and leaves behind insoluble Cr(OH) 3 polymeric backbone containing Berlin green and Fe(CN) 6 Ϫ3 . If cyano compounds other than Berlin green and physisorbed Fe(CN) 6 Ϫ3 are present in the CCC, they were not observed with either FTIR or Raman spectroscopy.
Function of Fe(CN) 6
Ϫ3 during CCC formation.-Now that the major products of Fe(CN) 6 Ϫ3 in the CCC are identified, we turn to the question of the role of Fe(CN) 6 Ϫ3 in CCC formation. It is well known that Fe(CN) 6 Ϫ3 increases the rate of CCC formation on aluminum alloys, hence the term "accelerator". The effect is shown clearly in Fig. 4 , which shows the growth of the 858 cm Ϫ1 band of the CCC as a function of immersion time in various bath solutions. The commercial Alodine bath contains Cr(VI) (38-45 mM), NaF (9-18 mM), Fe(CN) 6 Ϫ3 (2-3 mM), KBF 4 (12-18 mM), and K 2 ZrF 6 (1-2 mM). The exact concentrations are proprietary, and the bath solution is normally adjusted to pH 1.6 with HNO 3 . 22 Synthetic coating solutions were prepared from reagent grade chemicals with concentrations approximately equal to those in Alodine, but with one or more reagents omitted (Table I ). Figure 4 shows the growth of the 858 cm Ϫ1 band on AA 2024-T3 for several of these synthetic solutions, all at room temperature. KBF 4 and K 2 ZrF 6 have little effect on film growth, and HClO 4 may be substituted for HNO 3 with no apparent effect. Growth is much slower if Fe(CN) 6 Ϫ3 is omitted, with the 858 cm Ϫ1 Raman band reaching a level only a few percent of its value for the Alodine solution. CN Ϫ itself did not accelerate growth in the absence of Fe(CN) 6 Ϫ3 , so free CN Ϫ resulting from Fe(CN) 6 Ϫ3 decomposition does not appear sufficient for rapid film growth. Similar behavior was observed for 99.999% aluminum (Fig. 5) , although the deposition rate in the absence of Fe(CN) 6 Ϫ3 was faster than that observed for AA 2024-T3. The open-circuit potential of pure Al is significantly negative of that of 2024 during CCC formation, which may explain the more rapid reduction of Cr(VI) on pure Al in the absence of Fe(CN) 6 Ϫ3 . The Raman spectra for the CCC films grown in solutions containing Fe(CN) 6 Ϫ3 are shown in Fig. 6 and indicate that the absence of BF 4 Ϫ , ZrF 6 Ϫ2 , or NO 3 Ϫ does not lead to spectroscopically observable changes in film structure. Taken as a whole, the results depicted in Fig. 4-6 lead to the conclusion that the true "accelerator" is either Fe(CN) 6 Ϫ3 itself or one of its degradation products, such as Berlin green or Prussian blue.
In the current context, a redox mediation mechanism would be possible if the direct reduction of Cr(VI) to Cr(III) by the alloy were Table I . To obtain the curves, 6-10 Raman spectra from different spots on one treated coupon were collected, with a 514.5 nm laser, 2.5 mW at sample, 1 s integration. The average of the 6-10 858 cm Ϫ1 band intensities is plotted as the ordinate, with the error bars indicating the standard deviation. All samples were washed thoroughly and dried briefly after treatment. quite slow. Figure 4 provides strong evidence that this is the case, since CCC growth is very slow in the absence of Fe(CN) 6 Ϫ3/Ϫ4 , indicating a slow reduction of Cr(VI) by the aluminum or alloy surface. For redox mediation to increase the reduction rate, the reduced form of the mediator must reduce Cr(VI) rapidly, and the alloy must reduce the oxidized form of the mediator rapidly, as shown schematically in Fig. 7 . If both of these reactions are fast compared to direct reduction of Cr(VI) by the alloy, the overall reduction rate of Cr(VI) is increased in the presence of the mediator. The resulting rapid formation of Cr(III) results in more rapid CCC growth. The possibility that Fe(CN) 6 Ϫ3/Ϫ4 or Berlin green/Prussian blue may act as redox mediators was tested by observing their reactivity toward Cr(VI) and AA 2024-T3. Ferri-and ferrocyanide are easily distinguishable by Raman spectroscopy (Fig. 3) , so relative concentrations may be monitored in solution. First, 6 mM Fe(CN) 6 Ϫ4 was rapidly and completely (<30 s) oxidized by 6 mM Cr 2 O 7 Ϫ2 . Second, polishing AA 2024-T3 in Fe(CN) 6 Ϫ3 solution for 2 min generated Fe(CN) 6 Ϫ4 in the solution. In addition, immersion of AA 2024-T3 in a solution of Fe(CN) 6 Ϫ3 /NaF/HNO 3 (pH 1.6) for 20 min also generated Fe(CN) 6 Ϫ4 . These experiments were performed in the same conditions as Alodine treatment, in which direct oxidation of AA 2024-T3 by Cr(VI) is very slow with Fe(CN) 6 Ϫ3 absent. Similar experiments were performed with the Berlin green/Prussian blue redox system with quite different results. Prussian blue was not detectably oxidized by 6 mM Cr(VI) upon stirring for 24 h. Polishing AA 2024-T3 in a solution saturated with Berlin green showed no reduction to Prussian blue. These experiments demonstrate that the redox mediation scheme depicted in Fig. 7 is feasible for Fe(CN) 6 Ϫ3/Ϫ4 but much less likely for Berlin green or Prussian blue. Since the kinetics will depend strongly on local concentrations and mass transport in the solution near the CCC, the observations do not permit detailed kinetic analysis. However, it is clear that the two redox cross reactions in Fig. 7 are much faster than direct reduction of Cr(VI) by AA 2024-T3. Of all species known to be present during CCC formation, Fe(CN) 6
Ϫ3/Ϫ4
is the only one which fulfills the requirements of a redox mediator. Furthermore, the acceleration of CCC growth on 99.999% aluminum, and the spectroscopic similarity of the resulting film imply that a similar mediation mechanism applies on pure Al as well as AA 2024-T3.
In principle, any redox system with a redox potential between that of Cr(VI)/Cr(III) and Al/Al(III) which also has fast redox kinetics with these two systems should be able to act as a mediator or accelerator. The Cr(VI)/(III) and Al/Al(III) potentials vary significantly with local conditions, but are approximately 2.0 V apart under Alodine conditions. IrCl 6 Ϫ3/Ϫ2 (EЊ ϭ ϩ1.02 V vs. NHE), Fe ϩ3/ϩ2
(EЊ ϭ ϩ0.77 V), V ϩ3 /V ϩ2 (EЊ ϭ Ϫ0.26) have redox potentials in the required range (compared to Fe(CN) 6 Ϫ3/Ϫ4 at ϩ0.36 V vs. NHE), and were tested as mediators. Growth curves for the 858 cm Ϫ1 band are shown in Fig. 8 for solutions in which one of these mediator candidates was substituted for Fe(CN) 6 Ϫ3 . Fe ϩ3 , V ϩ3 , and IrCl 6 Ϫ2 all accelerated CCC growth, although not as well as Fe(CN) 6 Ϫ3 . The chromate films formed when IrCl 6 Ϫ2 was substituted for ferricyanide had Raman spectra very similar to those of the conventional CCC, except for the lack of CN features (Fig. 6) . Furthermore, other properties of the film formed with IrCl 6
Ϫ2 are similar to a conventional CCC. The IrCl 6 Ϫ2 film releases soluble Cr(VI) like a CCC, and protects AA 2024-T3 from visual corrosion in 0.1 M NaCl. The polarization resistance increases from <10 4 to >5 ϫ 10 5 ⍀ cm 2 upon formation of the IrCl 6 catalyzed film. Finally, the film formed with IrCl 6 Ϫ2 can protect a nearby sample of untreated AA 2024 alloy from visible corrosion in the "artificial scratch" experiment. 23 Discussion The principal structural conclusions available from the Raman and IR results are that the CCC contains Fe(CN) 6 Ϫ3 adsorbed to Cr(OH) 3 , and Berlin green, a complex hydrolysis product containing Fe ϩ3 bridged by CN Ϫ groups. The CN stretching frequency, CN , for pure Berlin green is similar to that for Berlin green in the CCC, implying that the solid hydrolysis product is coprecipitated in the Cr(OH) 3 without strong interactions with the Cr(OH) 3 matrix. However, the shift in CN downward by 35 cm Ϫ1 when Fe(CN) 6 Ϫ3 is adsorbed on Cr(OH) 3 implies a fairly strong interaction. Experimental and theoretical evidence has been reported for similar CN shifts in compounds of the type X-CN---H-O-Y, where X and Y are either inorganic or organic molecules. Such interactions weaken the CϵN bond by redistribution of electron density, thus lowering CN . [24] [25] [26] [27] [28] Therefore, the observed vibrational spectra support the conclusion that much of the cyano species in the CCC is in the form of Fe(CN) 6 Ϫ3 hydrogen bonded to Cr-OH groups in the Cr(OH) 3 matrix. The additional cyano component of the CCC is Berlin green, with the generic structure Fe ϩ3 -CN-Fe ϩ3 . Berlin green is a three-dimensional lattice with Fe ϩ3 ions located in octahedral sites bonded to the carbons of CN groups, and also in complementary octahedral sites bonded to the nitrogen ends. 11 Raman and FTIR are less sensitive to Fe-O species and such groups may exist in the CCC, but cyano species other than H-bonded Fe(CN) 6 Ϫ3 and Berlin green are unlikely. If significant amounts of other cyano species are present, their CϵN stretching vibrations are not apparent in the IR or Raman spectra.
The reduction of Cr(VI) to Cr(III) by aluminum, whether direct or indirect, has long been accepted as a critical step in CCC formation. The role of ferricyanide in the process is less clear from the literature, although interference with Cr(VI) adsorption 5 and interactions with Cu containing intermetallics 6 have been proposed. The current results confirm that direct reduction of Cr(VI) in the absence of Fe(CN) 6 Ϫ3/Ϫ4 is quite slow, particularly for the AA 2024-T3 alloy. The results also establish that ferricyanide can act as a redox mediator by rapid reduction to ferrocyanide by the alloy, and rapid oxidation of ferrocyanide by Cr(VI), as depicted in Fig. 7 . Ferricyanide has been used previously as a redox mediator for a variety of redox processes, 29, 30 ranging from small molecules to redox enzymes. During CCC formation, several other redox systems can substitute for Fe(CN) 6 Ϫ3 as accelerators, although not as effectively. The rates of CCC film growth for the mediators tested followed the trend Fe(CN) 6 Ϫ3 > IrCl 6 Ϫ2 > V ϩ3 > Fe ϩ3 . However, this series does not correspond to the order of EЊЈ values [IrCl 6 Ϫ3/Ϫ2 > Fe ϩ3/ϩ2 > Fe(CN) 6 Ϫ3/Ϫ4 > V ϩ3/ϩ2 ]. This lack of correspondence implies that the kinetics of the redox cross reactions between Cr(VI), mediator and alloy have a larger effect on CCC growth rate than any tendency of the mediator to control the alloy potential at a value near the mediator's EЊЈ.
While the acceleration of CCC formation through redox mediation by Fe(CN) 6 Ϫ3/Ϫ4 is strongly supported by the current results, the possibility of other roles for Fe(CN) 6 Ϫ3/Ϫ4 in corrosion protection should be considered. 6 Given that the final film contains physisorbed Fe(CN) 6 Ϫ3 and Berlin green, are these components important to film behavior and corrosion protection? The chromate film formed with IrCl 6 Ϫ2 substituted for Fe(CN) 6 Ϫ3 is spectroscopically and visually very similar to a conventional CCC. It can release Cr(VI) into water, a process believed to be important to "self-healing" of the CCC. 23 The chromate film formed with IrCl 6 Ϫ2 also increases R P and decreases the corrosion potential of AA 2024-T3, in much the same manner as a conventional CCC. Finally, the IrCl 6 -formed film exhibits active protection by migration of released Cr(VI) to an initially untreated AA 2024 sample. At least by these tests, the chromate film formed in the absence of Fe(CN) 6 Ϫ3/Ϫ4 is visually, structurally, and functionally very similar to a conventional CCC. The current results do not rule out actions other than redox mediation by Fe(CN) 6 Ϫ3/Ϫ4 , but they do establish that redox mediation accounts for the effect of Fe(CN) 6 Ϫ3 as an accelerator. Based on the tests used in the current work, Fe(CN) 6 Ϫ3 remaining in the CCC as Berlin green or physisorbed Fe(CN) 6 Ϫ3 is not necessary for higher polarization resistance, slower visual corrosion, or self-healing in the artificial scratch cell.
The behavior of intermetallic compounds (IMCs) is often invoked in explanations of corrosion mechanisms and protection by a CCC. For example, the formation of Cu/Fe(CN) 6 compounds at IMCs was proposed to decrease their reactivity and reduce corrosion. 6 The current spectroscopic observations were not resolved spatially, and hence the spectra represent spatial averages over 100-500 m of a CCC or alloy surface. IMCs are present at levels of a few percent in particles smaller than this sampling area, so spectroscopic features resulting from IMC interactions with the CCC may contribute to the observed spectra in minor ways. It is possible that spectral features of the IMCs are lost in the relatively strong signal from the CCC itself. Both the IR and Raman spectra reflect major components of the CCC, and minor contributions may quite possibly be unobservable. The current results certainly do not rule out the possibility that effects related to IMCs, which represent a small fraction of the total IR or Raman spectra, may be important to corrosion protection by the CCC.
The existence of IMCs and other heterogeneities on the alloy surface raises a possibly important mechanistic role of ferricyanide. The variations in CCC thickness over intermetallic regions has been noted, 6 and it is possible that such variations degrade corrosion protection. With the Fe(CN) 6 Ϫ3 accelerator present, the reduction rate of Cr(VI) is greatly increased. More rapid generation of Cr(III) should result in more rapid formation of the hydrated chromium hydroxide film, and subsequent formation of a Cr(III)/Cr(VI) mixed oxide. 9 Rapid film formation may allow the CCC to grow over heterogeneities such as IMC's which normally resist CCC formation. The end result is a relatively homogeneous Cr(III)/Cr(VI) film covering an alloy surface which may itself be heterogeneous. The ability to form a uniform film by filling in surface heterogeneities through rapid Cr(III) generation may be a result of the accelerator which is quite important to ultimate corrosion protection.
